Purpose Aromaticity of soil organic matter has often been considered an independent index of biogeochemical maturity, recalcitrance, and persistence of C in soils. The structural characteristics of soil humic acids (HAs) from various origins are studied by bi-and multivariate statistical exploratory analyses to select chemical descriptors surrogated to aromaticity. Materials and methods Structural features of 16 HAs were determined using analytical pyrolysis, wet chemical oxidation, and a variety of spectroscopic analyses. Data management was approached by (a) linear correlations between classical HAs structural descriptors and the concentration of aromatic C as seen by 13 
Introduction
Humic acids (HAs), the most abundant and characteristic Cform in soils, have complex macromolecular structure which varies in terms of its plant and microbial precursors and the environmental conditions (Hayes 1985; Schnitzer and Khan 1972; Stevenson 1982) .
Although the HA whole concept is a subject of frequent controversy regarding their molecular conformation (macromolecular models vs. supramolecular mixtures) (Wershaw et al. 1977; Piccolo 2001; Almendros 2008) and even their real quantitative relevance in the soil organic matter (SOM) formation process has been questioned (Schmidt et al. 2011 , and references therein), it remains an indispensable operational term in describing the properties and functionality of SOM.
Among the structural features of HAs, special attention has been paid to the aromaticity, assumed as a quantitative index of the proportion of structural units consisting of aromatic rings, that is a frequently quoted feature responsible for several environmentally-relevant HA functions (Wright and Schnitzer 1961; Hatcher et al. 1981) . In fact, HA aromaticity has often been associated to resistance to chemical and biological processes, and has been also presumed as informative about HA maturity, or about the different inputs from which HAs are formed, i.e., terrestrial vs. aquatic organic matter, from vascular plants or microorganisms, etc. (Zech et al. 1989; Wilson 1987) . In any case, HA maturity could be depicted as the extent to which its macromolecular structure is different from that of biomacromolecules, i.e., showing chaotic structure and molecular diversity in general higher than that of biomass constituents. Such a three-dimensional structure not consisting of repeating units is considered to be an important factor in HAs resistance to biodegradation because such structure is not easily recognized and degraded by soil enzymes (Almendros 2008) . At this point, it is also interesting to point out that, in general, the extent of the aromatic moiety in HAs (i.e., concomitant to selective biodegradation of aliphatic biomass constituents, newly-formed from aliphatic precursors by the fire's effects, or resulting from abiotic or enzymatic condensation of free phenols in the soil solution) is in general much higher than that in biogenic macromolecular constituents of soil-inhabiting organisms, e.g., lignins, suberins, fungal melanins… (Almendros and González-Vila 2012; Quénéa et al. 2006) . Not surprisingly, a renewed interest on aromaticity is related to the environmental accumulation of highly recalcitrant pyrogenic C forms in soils, such is the so-called "black carbon" (Haumaier and Zech 1995; Hammes et al. 2007; Schmidt and Noack 2000; De la Rosa et al. 2008) , which are considered extremely aromatic, polycyclic materials. In fact, a method proposed for quantifying black carbon in soils is based on the integration of NMR spectra aromatic region after chemical oxidative treatment of the material (Simpson and Hatcher 2004) .
Unfortunately, there is no direct method to quantitatively estimate the proportions of aromatic structures in the case of complex macromolecular materials (Ishiwatari 1969; Ghosal and Chian 1985) . Assuming intrinsic limitations due to the heterogeneous structure of the HAs, the identification of any defined constituent or structural domain in a continuum of units with a series of shared features is a complicated task. Therefore, no single experimental technique would probably yield a clear picture of the structure of the HAs, hence the combined use of various methods is required to yield a reliable insight on HAs aromaticity (i.e., like in the old Indian tale of the six blind men and the elephant).
Assuming the above considerations, in this study, up to 250 structural characteristics of HAs from 16 Mediterranean soils have been determined by a series of destructive and nondestructive techniques including elementary analysis, analytical pyrolysis (Py-GC/MS), chemical degradation with sodium perborate, and spectroscopic techniques (FT-IR, UV-vis, and 13 C-NMR). The resulting data matrix was processed by bi-and multivariate statistical treatments aiming to select chemical descriptors which could be used as surrogates of HAs' aromaticity. In addition, the responsiveness of HAs aromaticity to environmental perturbations such are changes in soil use (reforestation, clearing and cultivation, or bush encroachment) and wildfires was also studied.
Experimental

Samples
The 16 HAs studied were isolated from soil samples representative of a wide variability of continental Mediterranean scenarios. These included relictual/degraded forest areas, sites disturbed by wildfires, or soils after different land uses shifts, i.e., clearings followed by reforestation with conifers, bush encroachment, or cultivation (Tinoco et al. 2002) . Table 1 shows the main characteristics of the soils used to isolate the HAs.
General analyses
Wet chemical oxidation was used to quantify total C in the different extracted fractions. Isolation and quantitative analysis of the humus fractions was carried out by standard methods described by Duchaufour and Jacquin (1975) . The fractionation method used involved previous Soxhlet extraction of soil lipids (petroleum ether 60-70°C) followed by physical separation of the slightly decomposed organic remains (free organic matter, flotation in 0.1M H 3 PO 4 (∼1100 kg m ). The soil residue was successively extracted with 0.1M Na 4 P 2 O 7 and 0.1M NaOH, five times each. The dark brown supernatant solution was used to separate, after acid precipitation, the insoluble HA from the soluble fulvic acid. For structural characterization, the HAs were de-ashed with 1M HCl-HF treatments at room temperature, re-dissolved in 0.5M NaOH, centrifuged at 43,500g, and re-precipitated and dialyzed in cellophane bags until total removal of chlorides (AgNO 3 test).
In order to obtain comparative data about the intrinsic biodegradability of the SOM, the respiratory activity was estimated in vitro as the CO 2 released from 20 g of soil homogenized to 2 mm and moistened to 60 % water holding capacity at 24±1°C. The CO 2 produced was measured periodically during 70 days using a Carmhograph-12 (Wösthoff) gas analyzer (Almendros et al. 1990 ). The organic mater mineralization rate was expressed as milligrams released per kilogram of soil carbon and per day.
Humic acid characteristics
The elemental analysis (C, H, and N, ashfree basis) was carried out with a Carlo Erba CHNS-O-EA1108 microanalyzer. The oxygen was calculated by difference. The ash content was determined after combustion of the sample at 550°C for 8 h.
To determine the optical density of the HAs (e.g., at 465 nm, referred to as E4), the visible spectra were acquired (Shimadzu UV-240, OPI-2 spectrophotometer) from solutions of 100 mg L −1 carbon in 0.02 M NaHCO 3 ; the E4/E6 ratio was also calculated (Chen et al. 1977) . The IR spectra were obtained in a Bruker IFS28 Fourier-transform spectrophotometer using KBr pellets with 2 mg HA. The solid-state 13 C-NMR spectra were acquired in the solid state with a Bruker MSL 100 (2.3 T) at 25.1 MHz with the cross-polarization/magic angle spinning (CPMAS) performed at 4 kHz. The pulse repetition rate was 5 s, and the contact time was 1 ms. The sweep width was 37.5 kHz, and the acquisition time was 0.016 s. The chemical shifts are referenced to tetramethylsilane (=0 ppm). Under these conditions, 13 C-NMR spectroscopy was considered to provide quantitative integration values (Fründ and Lüdemann 1989) .
For molecular characterization by destructive approaches, the HAs were sequentially degraded by four successive treatments with sodium perborate at 90°C as described by Almendros et al. (1987) . The digests were extracted with ethyl acetate, the solvent evaporated, and the degradation products were methylated with ethereal diazomethane before analysis by GC/MS.
Analytical pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) was carried out with a Curiepoint pyrolyser unit (Horizon Instruments) attached to a Varian Saturn 2000 GC/MS system. Samples on ferromagnetic wires were heated at Curie temperature of 510°C for 5 s. The interface temperature of the pyrolysis unit was 250°C and the GC oven was programmed from 50 to 100°C at 32°C min −1 , then up to 320°C
to a rate of 6°C min −1 . The injector, equipped with a liquid CO 2 cryogenic unit, was programmed from −30 (1 min) to 300°C at 20°C min −1 . For chromatographic separation, a 25 m×0.32 mm fused-silica capillary column coated with CPSil (film thickness 0.4 mm) and He as carrier gas were used. Several exploratory uni-and multivariate statistical treatments were used, the most comprehensive results were obtained by non-linear mapping (multidimensional scaling, Kruskal 1964) using the 1-Pearson correlation coefficient as an index to classify the variables (StatSoft 1995). 
Results and discussion
A series of selected analytical characteristics of the HAs (i.e., those showing a significant bearing as regards aromaticity in terms of the results described below) are shown in Tables 2, 3 , and 4. Highly significant (P<0.01) linear regression coefficients (Table 5) were obtained between the optical density of the HA (E4) and the chemical shift regions between 110 and 140 ppm and 140 to 160 ppm. Negative correlations were also obtained between E4 and the variables related to the extent of the HAs' aliphatic domains (Fig. 1) . Concerning the HAs elemental composition, significant negative correlation was found between E4 and H/C atomic ratio, and a positive one with the percentage of N. The latter could be interpreted as N being preferentially accumulated in diagenetically transformed aromatic HA structures.
Parenthetically, the E4 values were also negatively correlated with the mineralization coefficients of whole soil samples (laboratory incubations), pointing to the interest of this spectroscopic index in forecasting biogeochemical stability or recalcitrance of the SOM. When the E4 values were compared with the yields of degradation products from the corresponding HAs (wet chemical degradation with sodium perborate), significant correlations were observed with the yields of aromatic compounds, mainly with those with a high degree of oxidation (i.e., high benzenecarboxylic/phenolic ratios). The above variables were also highly correlated with the intensity of the whole NMR aromatic region (110-160 ppm) and negatively with the atomic H/C ratio. There were also good significant negative correlations between E4 and yields of aliphatic degradation products and of lignin-derived methoxyphenols. This latter would indicate that the extent of the residual lignin moiety in HAs is not necessarily an index for aromaticity, but behaves as an indicator of the occurrence of selectively preserved plant-inherited macromolecules in comparatively immature HAs.
As regards the FT-IR spectra, we observe that the values of E4 paralleled the intensity of peaks normally ascribed to aromatic structures (1510, 1620 cm ) and are inversely related with the intensity of these bands for alkyl (2920 cm ). Before applying multiple regression models (Table 6 ), the variables were standardized (mean=0, SD=1) to obtain coefficients not depending on the original units. The results show that most of the variability of the E4 values can be explained by the joint contribution of variables such as the intensity of the alkyl stretching band in the FT-IR spectra (2920 cm −1 ) (negative coefficient), the yield of benzenecarboxylic acids, and the intensity of the valley at 620 nm in the second derivative visible spectra (typically associated to polycyclic quinoid chromophors of fungal origin in HAs). Figure 2 shows an automatic classification of the variables (multidimensional scaling using the 1-Pearson correlation index as distance) that illustrate the mutual correlations between variables with a presumptive bearing on the aromaticity of HAs. The scatter diagram shows a sharp cluster of variables (E4, total degradation yields of aromatic compounds, benzenecarboxylic/phenolic ratio…) which are nearest to the variable corresponding to the NMR chemical shift regions between 110 and 160 ppm. To a lesser extent, the intensity of the IR aromatic bands, the intensity of the carbonyl NMR signal, and the pyrolytic yields of naphthalenes and alkenes lies far from this cluster. On the other side, Fig. 2 also shows a comparatively wider group consisting of variables grouped around a sharp cluster including H/C atomic ratio, NMR alkyl signals, and IR bands corresponding to alkyl and alcoholic OH groups. In general, the variables in this group inform on Concerning the elemental composition of the HAs, there was significant (negative) correlation between the E4 and the atomic H/C ratio which describes the importance of HA aliphatic moieties, whereas the concentration of N was positively correlated, indicating a probable preferential accumulation of N in aromatic HA domains. This latter fact could be interpreted as the extent of the lignin domain in HAs does not necessarily adds to total aromaticity, but is indicating a selective preservation of plant-inherited macromolecules in comparatively immature HAs.
As regards the intensity of the major peaks in the FT-IR spectra, we observe that the intensity of the aromatic bands (1510, 1620 cm ) and oxygen-containing (3400, 1030 cm −1 ) functional groups. When calculating multiple regression models, most of the variability of the E4 values was explained by the shared contribution of characteristics Dependent variables: Total C Total soil C, Lipids petroleum ether soil extract, FOM1 low density free organic matter (<1100 kg m −3 ), FOM2 high density free organic matter (>1100<1800 kg m −3 ), FFA free fulvic acids (2M H 3 PO 4 extract), IH inherited humin, FA fulvic acid, HA humic acid, HIE I insolubilized extractable humin, Coefmin mineralization coefficient (whole soil), E620 intensity of the 629 nm valley in the second derivative spectra, E4 optical density at 465 nm a Coefficients resulting from the multi-step removal of variables (automatic backwards selection) from an initial model where collinearity between variables was supervisedly controlled. Significant (P<0.05) coefficients obtained from normalized variables such as a low intensity of the alkyl stretching band in the FT-IR spectra (2920 cm −1 ), the yield of benzenecarboxylic acids after chemical degradation, and the intensity of the valley at 620 nm in the second derivative visible spectra (in HAs typically associated to polycyclic quinoid chromophors).
The scatter diagram of variables after multidimensional scaling show a cluster formed by variables (E4, yield or perborate aromatic compounds, benzenecarboxylic/phenolic ratio) which are closely correlated to the signal intensity of the 110-160 ppm NMR region. In peripheral area, other variables to a lesser extent correlated with the above, were the intensity of the IR aromatic bands, the intensity of the carbonyl NMR signal, and the pyrolytic yields of naphthalenes and alkenes. This pattern would represent a multivariate classification of variables with similar physical meaning related to the concept of aromaticity in humic substances.
Concerning the assessment of the environmental variability in HA aromaticity in terms of the environmental scenarios, in our experimental design the highest aromaticity was observed in HAs from soils after wildfires, to an extent proportional to the intensity of the fire. The second important factor favoring the increase of HA aromaticity was clearing followed by extensive cultivation in semiarid soils (wheat field). Nevertheless, changes due to soil disturbances such as reafforestation of climatic oak forest with pine species were not recognized in the total HA aromaticity, but on the lignin signature (i.e., yields of guaiacyl and syringyl-type compounds as regards those of non-methoxylated aromatics).
Conclusions
Multidimensional scaling using the 1-Pearson distance as similarity index suggests a cluster of collinear variables acting as proxies for aromaticity of the HAs. These include the E4 and the H/C atomic ratios, the 110-140 and 140-160 13 C NMR areas, and the yield of benezenecarboxylic acids after chemical degradation. Since their rapid and non-expensive determination, variables such as E4 and H/C ratio are suggested as appropriate surrogates for aromaticity. The HA aromaticity was found largely responsive to different environmental impacts: the highest aromatic enhancement was observed as results of forest fires. The second important factor favoring the increase of HA aromaticity was extensive Fig. 2 Multidimensional scaling showing ordination of variables in terms of mutual correlation with different humic acids characteristics related with aromaticity (unweighted pair-group average, variables=53, dimensions=2, best iteration=12, stress=0.20333). Variable labels: E4 optical density at 465 nm; E4_E6 optical density ratio at 465 and 665 nm: E620 intensity of the valley at 620 nm (second derivative visible spectrum). Signal intensities in different 13 C NMR ranges: nmr0_25, 0-25 ppm nmr25_46, 25-46 ppm; nmr46_60 46-60 ppm; nmr60_90 60-90 ppm; nmr90_110 90-110 ppm; nmr110_140 110-160 ppm; nmr140_160 140-160 ppm; nmr160_190 160-190 ppm; and nmr190_220 190-220 ppm range. HC H/C atomic ratio, OC O/C atomic ratio. Yields (or compound ratios) of the major groups of perborate degradation products: Alkper alkanes, nFAper n-fatty acids, FAper total fatty acids, nFAdibper n-alkanedioic acids, FAdibper alkanedioic acids, Aphenolper phenolic acids, benzper benzenecarboxylic acids, Arper total aromatic compounds, Aliphper total aliphatic compounds, benz_phen benzenecarboxylic/phenolic ratio, Aliph_Arper aliphatic/aromatic ratio, Aliph_phenol aliphatic/phenolic ratio, Aliph_benz aliphatic/ benzenecarboxylic ratio, FA_Adibper fatty acids/alkanedioic acids, Sper syringyl-type compounds, Gper guaiacyl-type compounds, and S_Gper syringyl/guaiacyl ratio. Yields of Curie-point pyrolysis compounds: pyphenol phenols, pyalkben alkylbenzenes, pynaph alkylnaphthalenes, pynaphth alkylnaphthalenols, pyinden indenes, pytetralin tetralins, pyG guaiacyl-type methoxyphenols, pyS syringyl methoxyphenols, pyindex 12 'phenol index', pysteroid yield of steroids (pyrolysis), pyalk alkanes, pyalken alkenes, pyFA fatty acids. Peak intensity in infrared spectra: IR3400 3400 cm cultivation in semiarid soils. In the case of soil disturbances such as changes in forest vegetation (oak forest afforested with pine), the total aromaticity showed no significant changes, despite clear differences were found in the lignin signature (i.e., stoichiometry of guaiacyl and syringyl-type methoxyphenols).
